Abstract Metabotropic glutamate receptor 1 (mGluR1/ Grm1) is a member of the G-protein-coupled receptor superfamily, which was once thought to only participate in synaptic transmission and neuronal excitability, but has more recently been implicated in non-neuronal tissue functions. We previously described the oncogenic properties of Grm1 in cultured melanocytes in vitro and in spontaneous melanoma development with 100 % penetrance in vivo. Aberrant mGluR1 expression was detected in 60-80 % of human melanoma cell lines and biopsy samples. As most human cancers are of epithelial origin, we utilized immortalized mouse mammary epithelial cells (iMMECs) as a model system to study the transformative properties of Grm1. We introduced Grm1 into iMMECs and isolated several stable mGluR1-expressing clones. Phenotypic alterations in mammary acinar architecture were assessed using three-dimensional morphogenesis assays. We found that mGluR1-expressing iMMECs exhibited delayed lumen formation in association with decreased central acinar cell death, disrupted cell polarity, and a dramatic increase in the activation of the mitogen-activated protein kinase pathway. Orthotopic implantation of mGluR1-expressing iMMEC clones into mammary fat pads of immunodeficient nude mice resulted in mammary tumor formation in vivo. Persistent mGluR1 expression was required for the maintenance of the tumorigenic phenotypes in vitro and in vivo, as demonstrated by an inducible Grm1-silencing RNA system. Furthermore, mGluR1 was found be expressed in human breast cancer cell lines and breast tumor biopsies. Elevated levels of extracellular glutamate were observed in mGluR1-expressing breast cancer cell lines and concurrent treatment of MCF7 xenografts with glutamate release inhibitor, riluzole, and an AKT inhibitor led to suppression of tumor progression. Our results are likely relevant to human breast cancer, highlighting a putative role of mGluR1 in the pathophysiology of breast cancer and the potential of mGluR1 as a novel therapeutic target.
Introduction
Our understanding of glutamatergic signaling in tumorigenesis has steadily gained a foothold over the last decade. Interest in the aberrant signaling exerted by glutamate receptors in non-neuronal cells was reawakened by the recent discovery of oncogenic mutations in human melanoma, such as GRIN2A and GRM3, which encode the NMDA receptor subunit e-1 and the metabotropic glutamate receptor 3, respectively [1, 2] . Our laboratory was the first to establish the role of metabotropic glutamate receptor 1, (gene: Grm1, mouse and GRM1, human; protein:mGluR1) in melanomagenesis in vivo by demonstrating that ectopic expression of mGluR1 alone is sufficient to induce melanocytic neoplasia [3] . Additionally, stable mGluR1-expressing mouse melanocytic clones are fully transformed and aggressively tumorigenic in vivo [4] . Furthermore, our observations suggest that constitutive stimulation of mGluR1 by its natural ligand, glutamate, is required to maintain transformed phenotypes in vitro/in vivo through the establishment of autocrine/paracrine loops.
Recent studies have implicated mGluR1 in epithelial tumorigenesis, as mGluR1 was reported to regulate proliferation in triple-negative breast cancer cells and the tumor inhibitory effects of mGluR1 antagonists were shown in an MDA-MB-231 xenograft tumor model [5] . Furthermore, two polymorphic variants of GRM1, rs6923492, and rs362962, were found associated with breast cancer phenotypes [6] . In addition, low mGluR1 expression correlated with a longer distant metastasisfree survival (DMFS) in patients with estrogen receptor (ER)-positive breast cancers treated with tamoxifen, suggesting a functional role for mGluR1 in the setting of active hormone signaling [6] . In prostate cancer patients, serum glutamate levels correlated with Gleason score and high levels of mGluR1 expression were detected in primary and metastatic tissues [7] . Our group previously reported that exogenous Grm1 transforms immortalized baby mouse kidney (iBMK) cells in vitro and in vivo, and reported functional glutamate signaling in the corresponding human tumor type, renal cell carcinoma [8] . However, neither the mechanism, by which Grm1 mediates mammary epithelial cell transformation, nor whether sustained mGluR1 expression is required for breast tumorigenesis are well understood.
Breast cancer is the most common malignancy afflicting women in the United States, ranking second in the number of cancer deaths among women and preceded only by lung cancer [9] . The normal breast comprises a network of ducts and lobules, which ultimately give rise to terminal ductal lobular unit (TDLU) structures. It is within the epithelium of these units that the most invasive form of breast cancer is thought to arise. The TDLU is made up of a collection of acinar structures consisting of a single layer of polarized luminal epithelial cells surrounding a hollow lumen. Three-dimensional (3D) epithelial culture systems, which allow epithelial cells to organize into structures that resemble in vivo ductal architecture, are useful for elucidating the functions of cancer genes and pathways in a biologically relevant context. One such model involves the use of immortalized mouse mammary epithelial cells (iMMECs) [10] , which form polarized hollow acini in the presence of extracellular matrix, similar to the well-characterized non-malignant human breast epithelial cell line MCF10A [11] , and have been successfully used to study breast cancer-promoting functions [12, 13] . To directly investigate the role of mGluR1 in mammary tumorigenesis, we isolated several independent stable iMMEC clones with exogenous Grm1. We now report that by disrupting acinar morphogenesis, Grm1 induces transformation of mammary epithelial cells in vitro and promotes mammary tumorigenesis in vivo. Furthermore, modulation of mGluR1 signaling suppresses tumor growth of ER-positive human breast cancer cell xenografts in nude mice, suggesting that this pathway plays an important role in breast cancer pathogenesis and could be pharmacologically targeted for breast cancer treatment.
Materials and methods

Antibodies, reagents, and western immunoblots
Antibodies to phosphorylated-AKT (Ser473), AKT, phosphorylated ERK1/2 (Thr202/Tyr204), and ERK1/2 were purchased from Cell Signaling (Danvers, MA). Anti-mGluR1 antibody (mouse) was purchased from BD Biosciences (Franklin Lakes, NJ), anti-mGluR1 antibody (human) was purchased from Novus Biologicals (Littleton, CO) and SDIX (Newark, DE). Monoclonal anti-a-tubulin antibody and doxycycline hyclate were purchased from Sigma (St. Louis, MO). Secondary antibodies, donkey anti-Rabbit IgG Antibody, -HRP conjugate and Goat Anti-Mouse IgG, -H&L Chain Specific Peroxidase Conjugate, and Luminata Western HRP substrates were purchased from Millipore (Billerica, MA). Riluzole was purchased from Sigma (St. Louis, MO), BAY 36-7620 was purchased from Tocris (Bristol, UK), and MK-2206 was generously provided by Merck & Co., Inc. and the National Cancer Institute, National Institutes of Health.
Protein lysates were prepared as described previously [14] . Briefly, media were removed and cells were washed once with ice-cold phosphate buffered saline (PBS). After removal of PBS, extraction buffer was added directly to the plates and cells were collected with a cell scraper. Cell extracts were incubated on ice for 20 min. Cell debris was removed by centrifugation at 14,0009g at 4°C for 20 min, supernatant was collected to measure protein concentration with Detergent Compatible Protein Assay (Bio-Rad Laboratories, Hercules, CA), and 25 lg of protein was routinely used for Western immunoblot analysis.
Cell culture, transfection, and generation of stable cell lines iMMECs were generated from mouse mammary epithelial cells isolated from young, C57BL/6 virgin female mice, and immortalized through the inactivation of Rb and p53 pathways as previously described [10, 15] . Cells were maintained in regular iMMEC growth medium (F12 medium supplemented with 5 lg/ml insulin, 1 lg/ml hydrocortisone, and 5 lg/ml EGF) with 10 % FBS. Breast cancer cells were maintained in RPMI supplemented with 10 % FBS except BT474 which was maintained in DMEM supplemented with 10 % FBS.
Coding sequence for the full-length a form of Grm1 was subcloned from mouse brain cDNA library [16] into mammalian expression vector pCI-neo (Promega, Madison, WI). A total of 2.5 lg Grm1 cDNA was transfected into iMMECs (3 9 10 5 cells) using DOTAP transfection reagent (Roche, Mannheim, Germany). Stable Grm1-transfectants were selected using 100 lg/ml neomycin in regular iMMEC growth medium. MCF12A cells were transfected with pCI-neo plasmid with and without cDNA encoding human GRM1a (NCBI accession NM_001278064.1). Receptor expression was confirmed by Western blotting.
TetR plasmid (neomycin-resistant) was co-transfected with Zeocin plasmid and TetR clones were selected with Zeocin (Invitrogen, Grand Island, NY) at a concentration of (300 lg/ml). siGrm1 or siGFP sequence was cloned into the inducible siRNA expression vector pRNATin-H1.1/ Hygro (GenScript, Piscataway, NJ). Stable siRNA/TetRtransfected iMMEC-Grm1 clones were selected in Hygromycin B (Invitrogen, Grand Island, NY) at a concentration of (50 lg/ml). siGRM1-MCF7 clones were selected in neomycin (300 lg/ml) and Hygromycin B (50 lg/ml). For induction of siGrm1, 4 lg/ml of doxycycline was added a day after plating and medium was replaced every 4 days in 2D or 3D cultures.
The 3D cultures of iMMECs were generated as previously described [10] . Mammary acini were grown in iMMEC growth medium and 2 % growth factor-reduced matrigel (BD Biosciences, Franklin Lakes, NJ). The medium was replaced every 4 days.
3D morphogenesis assay and scoring of 3D structures
Mammary acini were fixed and processed for immunofluorescence as previously described [10] . Acini were incubated with primary antibodies overnight at 4°C, washed, and then incubated with fluorescein-or rhodamine-coupled secondary antibodies for 2 h at room temperature. Finally, acini were stained with TO-PRO-3, washed, and mounted with Prolong anti-fade. Confocal laser scanning was carried out with a Nikon D-Eclipse C1 Confocal Microscope. 3D structures were scored for lumen formation based on the resemblance to the 3D structure integrity of vector images (Day 21 time point) shown in Fig. 1c . Over 300 structures were scored for lumen formation.
Tumorigenicity assays
iMMECs-expressing mGluR1 or empty vector was harvested by trypsinization and resuspended in PBS (10 7 cells/ml). Orthotopic mammary gland implantation of iMMECs was performed according to our Institutional Animal Care and Use Committee approved protocol. 5-6-week-old immunodeficient nude female mice were anesthetized with Avertin. A small incision was made to expose the second pair of mammary fat pads on both sides and each mammary gland pad was subjected to implantation with 10 6 cells. The incision was closed with surgical clips that were removed 10 days later. Tumor growth was monitored weekly with a vernier caliper and calculated with the formula (d 2 9 D/2) as described [17] . Studies were terminated as soon as tumor volumes reached maximum permitted size. Similar protocol was carried out for the following in vivo studies: siGrm1/TetR iMMECs (10 8 cells/ml), siGRM1/TetR MCF7 (5 9 10 7 cells/ml), and MCF7 (5 9 10 7 cells/ml). For the siGrm1/TetR studies, once tumor volumes reached 10 mm 3 , mice were divided into two treatment groups. Doxycycline (0.2 % w/v) was included in the drinking water of doxycycline treatment groups to induce siGrm1 expression and the drinking water was replaced twice a week. For siGRM1/TetR MCF7 and MCF7 xenografts, 2.5 mg 90-day release 17b-estradiol pellet (Innovative Research of America, Sarasota, Florida) was implanted into the interscapular region of each mouse.
For the MCF7 xenograft study, once MCF7 tumor volumes reached 10 mm 3 , mice were divided into four treatment groups and received vehicle (DMSO), riluzole 
Glutamate release assay
Cells were seeded at 4 9 10 3 per well and cultured in 200 ll glutamate/glutamine-free medium with 10 % dialyzed FBS. At measurement, half of the volume was removed from each well for glutamate assay and cell viability immediately assessed by MTT assay. Amplex Red Glutamic Acid/Glutamate Oxidase Assay Kit (Invitrogen, Carlsbad, CA, USA) and Glutamate Assay Kit (Sigma, St. Louis, MO) was used to measure glutamate concentration in culture medium.
Cell cycle analysis
Cells were plated at 1 9 10 6 per 100 mm dish and treated with 50 lM riluzole or vehicle (dimethyl sulfoxide) for 24-48 h. Adherent and floating cells were pooled, pelleted, washed twice with ice-cold 1X PBS, and fixed by dropwise addition of ice-cold 70 % ethanol while mixing and stored at 20°C. Fixed cells were washed twice with and resuspended in 1X PBS, treated with RNase A solution (Sigma, St. Louis, MO) at 100 mg/ml and stained with propidium iodide (Sigma, St Louis, MO) at 10 mg/ml for 30 min. Cell cycle analysis was performed on a Coulter Cytomics FC500 Flow Cytometer (Beckman Coulter, Fullerton, CA, USA) at the Analytical Cytometry Core Facility, Rutgers University.
Analysis of in vivo synergy data
The nature of the interaction between riluzole and MK-2206 was analyzed by the combination index method [19] . The combination index was calculated using equation: Fig. 1 mGluR1 reduces apoptosis and promotes proliferation in iMMEC-Grm1 clones. a Expression of mGluR1 in iMMECs after transfection with a full-length Grm1 a-form in pCI-neo or empty vector pCI-neo alone (vec). Independent stable clones exhibited varying levels of mGluR1 expression shown by immunoblotting. Total ERK was used as loading control. b iMMEC-Grm1 clones release glutamate. At the time of measurement (Day 4), half the volume of medium was removed for glutamate assay and the other half for cell viability assessed by MTT. iMMEC-Grm1 clones released increased levels of extracellular glutamate when compared to iMMEC-vector even when adjusted for difference in growth rate as measured by MTT (*P \ 0.05, t-test, error bars represent SD). c Inhibition of apoptosis in iMMEC-Grm1. iMMECs stably expressing either empty vector (vec-7) or mGluR1 were grown in 3D cultures. Acini were stained with TO-PRO 3 (blue for nuclear counterstaining), b-catenin (red to visualize epithelial cells), and cleaved caspase-3 (green as an apoptosis marker). Images are shown for acinar morphology at day 14 and 21 after plating. Images are representative of the majority of acini for a specific genotype at a given time point. Two representative images are shown for vector (vec-7-1 and vec-7-2). The number indicated at the bottom right corner is the percentage of acini with lumen formation. A total of 300 acinar structures were evaluated for lumen formation. d Ectopic expression of mGluR1 promotes proliferation in iMMECs. Ki-67 (green) is used to visualize proliferating cells, TO-PRO 3 (blue for nuclear counterstaining)and b-catenin (red to visualize epithelial cells). Proliferating cells could be seen in the lumens of acini generated by mGluR1-expressing iMMECs, whereas Ki-67 signals were reduced or absent in the lumens of vec-7 acini 
Affymetrix GeneChip
Seventeen ER-positive and thirty-five ER-negative breast cancer cell lines were evaluated for GRM1 expression using publicly available data from Neve et al. [20] . Gene expression was measured using three distinct Affymetrix probe sets (''207299_s_at,'' ''210939_s_at,'' and ''210940_s_at''). Using the expression value from three probes within each cell line, an average expression was calculated. For ease of visualization, data are represented as a function of ER status.
Statistical analyses
Statistical analysis was done using a two-tailed test assuming unequal variance with error bars representing SD for in vitro studies or SEM for in vivo studies. Statistical analysis for Fig. 6g was done using a single factor ANOVA.
Results
Ectopic expression of mGluR1 promotes mammary cell proliferation and attenuates luminal apoptosis in 3D morphogenesis
To study the consequences of ectopic mGluR1 expression in mammary epithelial cells, several stable mGluR1-expressing iMMEC (iMMEC-Grm1) clones were generated by transfecting Grm1 cDNA [16] in iMMECs with undetectable levels of endogenous mGluR1 (Fig. 1a) . The levels of extracellular glutamate in cultures of iMMECGrm1 clones were measured in parallel with MTT cell proliferation/cell viability assays to ensure that any increases in extracellular glutamate were not due to release of intracellular glutamate by cell death. When adjusted for differences in growth rate over the course of the experiment, two independent iMMEC-Grm1 clones showed higher extracellular glutamate levels compared to vectorexpressing iMMECs (iMMEC-vector) (Fig. 1b) , very similar results to what we and others have shown whereby GPCRs with oncogenic activity such as mGluR1 displayed enhanced levels of locally produced ligands [8, 21] . iMMEC-Grm1 and vector clones were grown on a reconstituted basement membrane in a 3D-cell culture system that promotes the organized development of single-cell acinar structures and mimics ductal morphogenesis occurring during mammary gland development. Oncogenic events perturb this morphogenetic process leading to distorted phenotypes [12, 13] .
The induction of apoptosis in central acinar cells during normal mammary morphogenesis was assessed by immunostaining with the activated form of caspase-3, cleaved caspase-3 antibody. b-Catenin stains cell-cell junctions and was used to visualize epithelial cells. In iMMECvector acini, apoptosis was visualized in the centrally Fig. 1c) . By day 21, we observed the classical formation of a hollow lumen as previously described [10] . Remarkably, forced expression of mGluR1 in two independent iMMEC-Grm1 clones significantly delayed lumen formation, as indicated by the reduced number of apoptotic cells in the luminal space and the quantification of acini exhibiting lumen formation (Fig. 1c) . Next, to determine whether mGluR1 expression affects cellular proliferation during ductal morphogenesis, acinar structures were immunostained with a proliferation marker, Ki-67. Compared to vector-expressing acini, which were mostly hollow, more cells were Ki-67-positive in acini generated by iMMEC-Grm1 clones (Fig. 1d) , even within the region of anticipated acinar luminal space.
Ectopic expression of mGluR1 leads to sustained activation of the MAPK/extracellular signalregulated kinase Based on our early observations [4, 21] and the hyperactivation of MAPK/ERK in many human neoplasms [22] , we investigated the involvement of the MAPK/ERK pathway in mediating the proliferative effects of mGluR1. We probed the acinar structures for the phosphorylated form of ERK and total ERK. At an early time point (Day 7), ERK is highly activated in both vector-and mGluR1-expressing iMMECs (Fig. 2a) . This parallels the early events of mammary morphogenesis, which involves robust proliferation before induction of growth arrest following lumen formation. As expected, we observed a loss of phosphorylated-ERK expression in iMMEC-vector at day 14. In contrast, the signal was continually sustained in iMMEC-Grm1 acini suggesting that mGluR1 may exert its signals in mammary epithelial cells in part through the activated MAPK pathway.
Ectopic expression of mGluR1 perturbs cell polarity
Establishment of apical-basal polarity in mammalian epithelia during mammary morphogenesis is an early event preceding both apoptosis of the central acinar cells and lumen formation [23] . To assess possible polarity changes induced by exogenous mGluR1 expression, we monitored the position of the Golgi apparatus, which is normally oriented toward the acinar lumen. Immunostaining with an apical polarity marker, GM130, showed that iMMECGrm1 acini at 21 days post-culture were depolarized and exhibited a disorganized pattern of GM130 staining (Fig. 2b) . In contrast, iMMEC-vector acini had a well-developed lumen and polarized Golgi apparatus, suggesting that mGluR1 also affects the ability of mammary epithelial cells to maintain normal polarized organization.
Ectopic expression of mGluR1 induces mammary tumors
The ability to form tumors in in vivo tumorigenicity assays is the ultimate test of oncogenic transformation. To investigate whether glutamatergic signals provided solely by the exogenous expression of mGluR1 in mammary epithelial cells promoted tumorigenesis in vivo, we performed orthotopic implantation of both iMMEC-vector and iMMEC-Grm1 clones into the mammary fat pads of immunodeficient nude mice. The formation of palpable mammary tumors was monitored weekly. iMMEC-Grm1 clones developed mammary tumors as early as 6 weeks post-implantation and a representative figure of the tumor growth kinetics is shown (Fig. 3a, Supplemental Fig. 1 ). Excised allograft tumors generated by iMMEC-Grm1 clones displayed mGluR1 expression at various levels as demonstrated in immunoblots (Fig. 3b) . Interestingly, AKT was activated in the majority of these allograft tumors, but not in the corresponding in vitro cultured iMMECs (Fig. 3b) . This observation is similar to our previous report in mGluR1-expressing mouse melanocytic clones [24] . Phosphorylated-ERK levels in the excised tumors were overall stable as shown by the immunoblots (Fig. 3b) . Representative high and low magnifications of hematoxylin and eosin (H&E) staining of formalin-fixed sections of the excised allograft tumors are also shown (Fig. 3c) . Tumors formed by two independent clones, iMMEC-Grm1-2 and -Grm1-17 displayed a ''ribbon and gland'' pattern characteristic of moderately differentiated adenocarcinoma with extensive tumor necrosis. Mammary tumors generated by iMMEC-Grm1-18 also showed neoplastic epithelial cells attempting to form glands with an abortive ribbon pattern, that are much less organized than those of iMMEC-Grm1-2 and Grm1-17. Additionally, blood vessels were identified within iMMEC-Grm1-18-generated tumors.
Grm1 suppression leads to phenotypic reversion in vitro and in vivo
To determine whether sustained expression of mGluR1 was required to maintain the observed transformed phenotype, iMMEC-Grm1 clones were engineered to express a tetracycline-inducible siRNA construct targeting Grm1 (siGrm1-iMMECs) or green fluorescent protein (GFP) control (siGFP-iMMECs). Several independent siGrm1-iMMEC clones were isolated and evaluated by immunoblotting. siGrm1-iMMECs demonstrated consistent suppression of mGluR1 expression in the presence of the inducer, doxycycline (dox), whereas mGluR1 expression remained unchanged in the negative control siGFP clones (Fig. 4a) . Next, we assessed if reduced mGluR1 expression modulated cell growth in vitro as measured by the standard MTT cell proliferation/viability assays. Dox-
treated siGrm1-iMMEC clones displayed a significant decrease (&80 %) in the number of viable cells (Fig. 4b) . In addition, downregulation of Grm1 in siGrm1-iMMEC-18 rendered these cells less sensitive to an inhibitor of mGluR1 function, riluzole (see below) (Supplemental Fig. 2 ). We were also interested in the consequences of reduced mGluR1 levels in 3D acinar morphogenesis. siGrm1-iMMEC clones were grown in 3D culture and at 24 h after plating, doxycycline was added to induce siGrm1 expression. Mammary morphogenesis was assessed after 14 or 21 days of treatment. Consistent with our earlier findings (Fig. 1c) , the majority of siGrm1-iMMECs (75 %) formed acini that hollowed centrally when cultured in the presence of doxycycline, whereas much reduced (\30 %) lumen formation was detected in non-dox-induced siGrm1-iMMEC acini (Table 1) . Suppression of mGluR1 expression also led to the generation of acini that were approximately 60 % smaller than non-dox-induced siGrm1-iMMEC clones (Fig. 4c) . In acini not treated with doxycycline, similar to our earlier findings (Fig. 1c, d ), mGluR1 expression significantly promoted cell proliferation (as assessed by Ki-67 staining) and attenuated apoptosis (as assessed by cleaved caspase-3 staining) (Fig. 4d) . In contrast, suppression of Grm1 by siRNA led to reduced number of proliferating cells in the acinar centers and increased levels of apoptotic cells in acinar lumens (Fig. 4d) . Inclusion of the siGrm1 inducer, doxycycline, in the culture medium also led to significant attenuation of ERK phosphorylation similar to levels detected in acini formed from vector-expressing iMMECs (Fig. 4d) . To ensure that the observed morphology was not an artifact of doxycycline, siGFP-iMMEC clones were subjected to the same 3D-culture conditions and divided into two treatment groups (dox or no treatment). Both groups were analyzed with the same set of antibodies to Ki-67, cleaved caspase-3,
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Grm1-17 Fig. 2 Ectopic expression of mGluR1 sustains ERK activation and disrupts cell polarity. a iMMECs-expressing empty vector clone (vec-7) or two independent mGluR1-expressing iMMEC clones (Grm1-17 and Grm1-18) were plated in 3D culture. At days 7 and 14 after plating, acini were immunostained for phosphorylated-ERK or total ERK (green) to visualize ERK activation; nuclei were visualized by TO-PRO-3 (blue). At day 7, phosphorylated-ERK levels were similar in all clones, but at day 14, phosphorylated-ERK staining was absent in vec-7, but still very prominent in two mGluR1-expressing iMMEC clones. Total ERK levels were similar in all clones. b Ectopic expression of mGluR1 induces disruption in cell polarity. Acini are shown at day 14 and day 21 after plating in 3D culture. Two representative images are shown for vector (vec-7-1 and vec-7-2). GM130 (green), a cell polarity marker, stains the apical orientation of the Golgi apparatus toward the lumen of the acini. TO-PRO-3 (blue) is utilized to visualize nuclei of all cells and phosphorylated-ERK (Supplemental Fig. 3 , Table 1 ). There were no obvious differences between dox and no treatment groups as both groups exhibited similar patterns of staining as the parental mGluR1-expressing acinar cells. Next, we assessed by orthotopic allografts whether a reduction of mGluR1 levels modulated iMMEC-Grm1-driven mammary tumorigenesis in vivo. Again, siGrmiMMEC-18-4 and siGrm-iMMEC-18-8 clones were orthotopically implanted into immunodeficient nude mice. Upon initial appearance of palpable mammary tumors, mice were randomly segregated into two groups with similar tumor volumes and doxycycline was administered in the drinking water of the treated group (0.2 % w/v). Doxycycline-induced Grm1 knockdown suppressed tumor progression of mGluR1-expressing iMMEC allografts, as mammary tumors generated by both siGrm-iMMEC-18-4 and siGrm-iMMEC-18-8 clones in dox-treated mice were about 60 % smaller in volume compared to tumors in the not-treated (NT) mice (Fig. 4e) , thus indicating that Grm1 expression is required for the tumorigenic phenotype exhibited by mGluR1-expressing iMMECs in nude mice in vivo.
Grm1 and human breast cancer mGluR1 is expressed in breast cancer cells and breast cancer tissue biopsies
To investigate the relevance of glutamatergic signaling in human breast cancer, we first extended our studies to breast cancer cell lines. Expression of mGluR1 was detected in several estrogen receptor-positive (ER?) and -negative Fig . 4 Sustained mGluR1 expression is required to maintain transformed phenotypes. a Several independent clones were isolated from introduction of inducible siRNA to GFP (control) or Grm1 in mGluR1-expressing iMMECs. In the presence of the inducer, doxycycline, mGluR1 expression was reduced at the protein level as assessed by immunoblots only in siGrm1-iMMEC, but not siGFPiMMEC clones. Total ERK was used as loading control. b MTT cell viability/proliferation assays were performed in the same set of cells and a decrease in the number of viable cells was detected only in the presence of doxycycline (*P \ 0.0002, t-test, error bars represent SD, for dox treatment versus no treatment). c The size of siGrm1-iMMEC acini was measured on day 14, following treatment with doxycycline (4 lg/ml) and compared to not-treated acini (*P \ 0.0001, t-test, error bars represent SD). d Knockdown of mGluR1 expression by siRNA led to phenotypic reversion of iMMEC-Grm1 clones at day 14 or 21 after treatment with doxycycline (4 lg/ml) in 3D cultures. Acini were immunostained for Ki-67, cleaved caspase-3, phosphorylated-ERK, and b-catenin to visualize epithelial cells and TO-PRO-3 to visualize nuclei. e In vivo suppression of tumor progression by siGrm1. Mice bearing mammary tumors generated from siGrm1-iMMEC cells were treated with doxycycline (0.2 % w/v in drinking water) to induce expression of siRNA to Grm1. Results indicate that sustained expression of Grm1 is partially necessary to maintain iMMEC-Grm1 tumor progression, (*P \ 0.05, t test, n = 5 in each group, error bars represent SEM). Not-treated siGrm1-iMMEC allografts progressed with similar growth kinetics as tumors generated by iMMEC-Grm1 cells (ER-) breast cancer cell lines (Fig. 5a) . A total of 54 breast cancer cell lines were also analyzed for mGluR1 expression using a gene expression microarray (Supplemental Fig. 4 ) that showed that a higher percentage of ER-positive breast cancer cell lines (65 %) had greater than average mGluR1 expression as compared to ER-negative lines (35 %). Next, we compared mGluR1 expression in paired breast tumor to normal adjacent tissue specimens and found that mGluR1 expression in tumors was indeed higher than in normal adjacent tissues, as analyzed by unbiased quantitative assessment of the immunostaining (Fig. 5b) . In the adjacent tissue samples, we noticed an interesting pattern of mGluR1 expression localized only to the apical surface of the mammary glands. All three patient samples shown had ER-positive disease.
Possible alterations in the growth properties of ERpositive breast cancer cells by reducing mGluR1 expression were examined. Applying similar approaches to those used for the mouse iMMEC system, we introduced inducible siRNA to GRM1 into mGluR1-expressing MCF7 (siGRM1-MCF7) breast cancer cells (Fig. 5c ). In the presence of the inducer, doxycycline, levels of mGluR1 were reduced, as shown by Western immunoblots for two independent siGRM1-MCF7 clones (Fig. 5c ) and this suppression of mGluR1 expression decreased the number of viable MCF7 cells in MTT cell proliferation/viability assays (Fig. 5d) . Furthermore, the suppression of mGluR1 led to significant decrease in the volume of xenograft tumors generated by MCF7 breast cancer cells, suggesting that mGluR1 signaling is in part required for MCF7 cell proliferation/viability and tumor growth (Fig. 5e ).
MCF7 cells respond to the anti-glutamatergic drug riluzole
We had earlier reported elevated levels of extracellular glutamate in cultures of mGluR1-expressing human melanoma cell lines [21] . We examined mGluR1-expressing human breast cancer cell lines and found that both MCF7 and SK-BR-3 secreted higher levels of glutamate as compared to BT474, a non-mGluR1-expressing cell line (Fig. 6a) . Our results also confirmed previously published data concerning triple-negative breast cancer cell line, MDA-MB-231 [25] , thus indicating that glutamate release and resultant activation of glutamatergic signaling may be frequent occurrences in breast cancer.
In accordance with an important role for Grm1 in melanomagenesis [3] , we had previously demonstrated that inhibition of glutamate release by riluzole, an FDA-approved drug for the treatment of amyotrophic lateral sclerosis (ALS), suppressed human melanoma cell growth in vitro and xenograft tumor progression in vivo [21, 26, 27] . In a Phase 0 clinical trial using single agent riluzole for 14 days in patients with resectable stage III/IV melanoma, 34 % of them showed significant decrease in p-AKT and/or p-ERK expression in post-treatment tumor samples, in association with significant decrease in melanoma metabolic activity by FDG-PET [28] . In a Phase II single agent riluzole trial in patients with stages III/IV non-resectable melanoma, the clinical responses were mixed with stable disease, lasting up to 300 days [24] . Three out of the eight available paired pre-and post-treatment tumor samples showed reductions in both p-ERK and p-AKT levels and these were the same patients experiencing stable disease at six-week restaging.
Results from the limited set of samples suggest that riluzole has modest anti-tumor activity by itself and more potent glutamatergic inhibitors and/or combinatorial regimens may be more effective in the treatment of melanoma [29] . This was assessed in preclinical combinatorial studies with riluzole and a small molecule AKT inhibitor, MK2206.
First, to determine whether sensitivity of cells to riluzole tracks with the expression of mGluR1, we compared vector-expressing MCF12A to human GRM1-expressing MCF12A cells. We found that exogenous expression of mGluR1 renders the immortalized mammary epithelial cells highly sensitive to riluzole (Fig. 6b) . Riluzole inhibited cell proliferation by 20-40 % in three breast cancer cell lines after 96 h, with very small differences observed between 25 and 50 lM, suggesting that 25 lM was sufficient for further studies (Fig. 6c) . Furthermore, ER? MCF7 cells were more sensitive to both mGluR1 antagonist, BAY 36-7620, and riluzole when compared to triple-negative MDA-MB-231 cells (Supplemental Fig. 5 ). Next, cell cycle profiles were performed on MCF7 and SK-BR-3 cells treated with riluzole for 24 and 48 h. MCF7 cells displayed accumulation at G2/M phase by 24 h and further increase at 48 h (Fig. 6d) . MCF7 human breast cancer cells do not express caspase-3 as a result of a 47 base pair deletion within exon 3 of the casp-3 gene [30] . Despite this, others have shown MCF7 cells to undergo morphological apoptosis after treatment with a variety of agents and under various conditions suggesting caspase-3-independent DNA fragmentation [31, 32] . Indeed, we detected proteolytic processing of PARP in MCF7 cells within 24 h of riluzole treatment (Fig. 6e) , despite the lack of accumulation of cells in the sub-G1 phase of the cell cycle (Fig. 6d) . For SK-BR-3, first there was a considerable increase in cells accumulating in the G2/M phase at 24 h, followed by an enhanced sub-G1 population after 48 h indicative of cellular apoptosis; a similar observation was reported for human melanoma cells [4, 21] . As with most human cancers, breast tumors are heterogeneous in nature and usually involve multiple oncogenic events occurring in parallel or as part of the same signaling pathway. Given our earlier published results implicating AKT in Grm1-induced melanomagenesis [24, 28] and the well-described role of PI3K/AKT axis in breast cancer pathogenesis and treatment resistance [33] , we evaluated the anti-tumor activity of the AKT inhibitor MK-2206 [34] as a single agent and as a possible combinatorial regiment with riluzole. First, we demonstrate that stimulation of mGluR1 with agonist L-Quisqualate leads to activation of both AKT and ERK pathways in MCF7 cells (Fig. 6f) . We found that as a single agent only riluzole but not MK-2206 inhibited MCF7 xenograft tumor progression in vivo at a statistical significant level. However, concurrent inhibition of glutamate and AKT signaling using only half the optimal single agent doses resulted in enhanced suppression of tumor growth compared to riluzole alone (Fig. 6g) , as calculated by the combination index method [19] . These results indicate that the combination of riluzole and MK-2206 may provide a novel treatment option for patients with ER? breast cancers.
Discussion
There is mounting evidence that glutamatergic signaling plays a role in epithelial tumorigenesis [5, 7, 8] . In this report, we used a mouse mammary epithelial cell model, involving in vitro 3D-morphogenesis assays and in vivo mammary tumorigenicity studies in nude mice, to examine the tumor-initiating potential of Grm1 in breast cells. Our results demonstrate that ectopic expression of mGluR1 in iMMECs disorganizes 3D acinar architecture and likely promotes cellular transformation, as mGluR1-expressing mammary cells failed to establish hollow and polarized acini as illustrated using staining patterns and marker antibodies ( Fig. 1 and Supplemental Fig. 6 ). Furthermore, mGluR1 expression in iMMECs was sufficient to promote moderately to poorly differentiated tumor development in a system of very low inherent tumorigenic potential [10] . In support of a driving role for Grm1 in mammary tumorigenesis, Grm1 knockdown by an inducible siRNA system suppressed iMMEC-Grm1 cell proliferation in vitro and allograft mammary tumor progression in vivo. In addition, using similar approaches in mGluR1-and ER-expressing MCF7 human breast cancer cells, we also observed comparable results to those obtained with the mouse mammary epithelial cell system. mGluR1 is a member of the seven transmembrane G-protein-coupled receptor (GPCR) superfamily, which represents a potent group of highly druggable targets encompassing approximately more than a quarter of all FDA-approved drugs [35] . Found in abundance in postsynaptic locations, mGluR1 is activated by its natural ligand, the major neurotransmitter L-glutamate and was first thought to be functionally restricted to the central nervous system. However, mGluR1 expression has recently been demonstrated in peripheral tissues. The notion that wild-type GPCRs may harbor oncogenic potential is not entirely surprising. This concept underscores several key characteristics of a tumorigenic GPCR, such as aberrant expression or response to excessive locally circulating ligand produced by the tumor or neighboring cells [36] . Autocrine and/or possibly paracrine loops have been described for mGluR1-expressing human melanoma cells [21] . It is also well established that glioma cells release excessive glutamate not only to enhance cell motility and invasion, but also to aid in the expansion of tumor cells through its excitotoxicity effects [37] . Interestingly, triple-negative MDA-MB-231 breast cancer cells have been reported to release extracellular glutamate, which may function as a cytokine that promotes bone invasion, thus enhancing metastasis [25] . Here we demonstrate that ectopic mGluR1 expression in estrogen receptor-positive iMMECs results in amplified release of extracellular glutamate consistent with our previous studies in melanoma [4, 38] .
In this paper, we also report that introduction of exogenous Grm1 in a mouse mammary epithelial cell model system leads to altered cell growth characteristics, including increased proliferation and suppression of central mammary cell apoptosis resulting in larger acini and delayed lumen formation in 3D morphogenesis assays. Using phosphorylated-ERK levels as read-outs, we found that mGluR1 activates MAP Kinase (MAPK), a pathway that regulates cell proliferation and is often deregulated in cancer. At day 7 post-plating in 3D cultures, both vector-and mGluR1-expressing iMMEC clones exhibited similar levels of b Fig. 5 mGluR1 is overexpressed in breast cancer cell lines activated ERK, presumably due to the early proliferative spheroid organization step in mammary morphogenesis. However, by day 14, phospho-ERK levels were essentially undetectable in acini, generated by vector-but were still detectable in mGluR1-expressing iMMECs. Indeed, components of the MAPK pathway have been shown to not only regulate proliferation signals in mammary epithelial cells, but also function in the control of cell survival by regulating the activity of proapoptotic molecules, such as Bim [39, 40] . We have previously shown that mGluR1 supports cell survival through activation of the PI3K/AKT pathway in Grm1-transformed mouse melanocytic clones and that AKT2 knockdown by siRNA in these cells leads to apparent reduction in the levels of the anti-apoptotic protein, BCL2 [24, 41] . Interestingly, in the current study, we also detected stimulation of AKT in excised tumors generated by mGluR1-expressing iMMECs in nude mice in vivo, but not in the same cells under normal culture conditions in vitro (Fig. 3b ). Speyer and colleagues also detected activated AKT only when the cultured cells were stimulated with mGluR1 agonist, L-Quisqualate [5] . Taken together, these results suggest that activation of the PI3K/AKT axis may require stimulation of the receptor mGluR1 by its agonist in vitro or in an in vivo ligand-rich microenvironment.
There are many advantages to employing 3D culture systems, especially in studies of glandular epithelium such as that of the mammary gland, as compared to traditional 2D cell cultures. These 3D systems allow a distinction between non-malignant and malignant cells by various phenotypic alterations. Non-transformed cells usually form polarized, growth-arrested acini-like spheroids in the presence of laminin-rich extracellular matrix, while transformed cells may exhibit perturbed lumen formation, polarity, and acinar structure and size [10, 11, 13] . We now present such findings in mGluR1-expressing iMMECs, which generate larger, non-hollowing, and non-polarized acini exhibiting increased cell proliferation and persistent ERK activation. Interestingly, cell proliferation, as measured by MTT cell viability assays, was modestly affected by mGluR1 expression in iMMECs plated in 2D cultures (Supplemental Fig. 7) , thus, suggesting that cell-cell interactions in a more physiologically relevant 3D context are crucial for Grm1 to exert its transformative effects in mammary epithelial cells. Moreover, we were also able to regulate mGluR1 expression in iMMEC-Grm1 clones by an inducible silencing RNA system to Grm1, where a reduction in mGluR1 expression levels correlated with phenotypic reversion in 3D cultures. Notably, we demonstrated that orthotopic implantation of mGluR1-expressing iMMECs into the mammary fat pads of athymic mice was sufficient and also required to promote robust tumor formation, thus supporting the idea that Grm1 may be an important player in mammary tumorigenesis.
We investigated the consequences of GRM1 modulation in MCF7, a breast cancer cell line belonging to the luminal A subtype. Patients with hormone receptor (ER)-positive luminal A tumors have better prognosis, as such malignancies usually respond to estrogen deprivation; however, about half of the patients with advanced ER-positive disease show resistance to hormonal intervention. In a recently published study [6] , 17b-estradiol increased the expression of mGluR1 in MCF7 cells and this increase was inhibited by pre-treatment with a selective estrogen receptor modulator, 4-hydroxytamoxifen suggesting a novel interaction between mGluR1 and hormone signaling. Importantly, a polymorphic variant of GRM1 was shown to be associated with risk for luminal breast cancer and mGluR1 expression correlated with decreased survival in tamoxifen-treated patients [6] . It is of great interest that, unlike the widely used MCF10A human mammary epithelial cells, iMMECs are estrogen receptor a-expressing cells [13] . Whether Grm1-mediated transformation of iMMECs is dependent on ER is a provocative question and is currently being investigated.
Taken together, our findings provide evidence that aberrant glutamate signaling can initiate transformation and tumorigenic properties in normal mammary epithelial cells. Based on our results and in agreement with two recent reports [5, 6] , we propose that modulation of glutamatergic signaling alone or in combination with other small molecule inhibitors such as MK-2206 may offer therapeutic benefits to patients with either luminal or basal subtype of the disease. A proposed model depicts possible involvement of glutamate signaling in mammary pathogenesis (Fig. 6h) . Key questions regarding the regulation of 
